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SUMMARY

Membrane-associated mucin domain-containing gly-
cosylphosphatidylinositol anchor proteins (MDGAs)
bind directly to neuroligin-1 (NL1) and neuroligin-2
(NL2), thereby respectively regulating excitatory and
inhibitory synapse development. However, the mech-
anisms by which MDGAs modulate NL activity to
specify development of the two synapse types remain
unclear. Here, we determined the crystal structures of
human NL2/MDGA1 Ig1-3 complex, revealing their
stable 2:2 arrangement with three interaction inter-
faces. Cell-based assays using structure-guided,
site-directed MDGA1 mutants showed that all three
contact patches were required for the MDGA’s nega-
tive regulation of NL2-mediated synaptogenic activ-
ity. Furthermore, MDGA1 competed with neurexins
for NL2 via its Ig1 domain. The binding affinities of
both MDGA1 and MDGA2 for NL1 and NL2 were
similar, consistent with the structural prediction of
similar binding interfaces. However, MDGA1 selec-
tively associated with NL2, but not NL1, in vivo.
These findings collectively provide structural in-
sights into the mechanism by which MDGAs nega-
tively modulate synapse development governed by
NLs/neurexins.

INTRODUCTION

Investigations into synaptogenesis mechanisms, orchestrated

by amultitude of synaptic adhesionmolecules, have yielded crit-

ical insights into synapse formation and function, as well as neu-

ral circuit shaping (Missler et al., 2012). Because many synaptic
adhesionmolecules are associated with human neurological and

neuropsychiatric disorders, understanding the mechanistic ac-

tions of synaptic adhesion molecules in regulating distinct prop-

erties of various synapse and circuit types is clinically relevant

(de la Torre-Ubieta et al., 2016). Studies have identified several

potentially important synaptic adhesion molecules (i.e., synapse

organizers) and have elucidated their functions in synapse for-

mation, transmission, and plasticity (Um and Ko, 2013).

Neuroligins (NLs) are arguably themost widely studied class of

postsynaptic adhesion molecules (S€udhof, 2008). Genetic ana-

lyses using knockout mice deficient in individual NLs or combi-

nations of NLs have shown that NLs dictate the properties of

various synapse types across various brain regions (Bemben

et al., 2015). Although all NL isoforms bind to presynaptic neu-

rexins (Nrxs), albeit with different binding affinities, and to PDZ

domain-containing proteins through their C-terminal ends, the

synaptic localizations and functions of individual NLs are distinct

(Krueger et al., 2012). In their native form, NLs exist as constitu-

tive dimers, which induce the trans-synaptic clustering of Nrxs to

positively regulate synaptic puncta size (Ko et al., 2009). Intrigu-

ingly, NL2 (an inhibitory synapse-specific NL isoform) exhibits

unique biochemical properties, interacting specifically with ge-

phyrin to regulate perisomatic inhibition, possibly through multi-

ple intracellular phosphorylation events (Bemben et al., 2015).

X-ray crystallography studies have significantly increased under-

standing of the binding between NLs andNrxs, themodulation of

these interactions by alternative splicing, and the involvement of

Ca2+ ions in these interactions (Araç et al., 2007; Comoletti et al.,

2010; Fabrichny et al., 2007; Leone et al., 2010).

The membrane-associated mucin (MAM) domain-containing

GPI anchor protein 1 (MDGA1) was recently found to negatively

regulate NL2-mediated synaptogenic activity through cis-

configuration interaction (Lee et al., 2013; Pettem et al., 2013).

Although NL2 also binds to MDGA2 in vitro, the role of MDGA2

at neuronal synapses remains unclear (Connor et al., 2016; Loh

et al., 2016). One study using a proteomics-based approach
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found that MDGA2 functions as a specificity factor at inhibitory

synapses to negatively regulate selective NL2 signaling machi-

nery (Loh et al., 2016). In contrast, another study using Mdga2

knockout mice, displaying a variety of autism-like behaviors re-

sulting from intrahemispheric functional connectivity alteration,

suggested that MDGA2 primarily acts as a negative regulator

of excitatory synapse development, in particular through modu-

lation of NL1 function (Connor et al., 2016). The discrepancies

between these findings, as well as the mechanism by which

MDGA1 inhibits the ability of NL2 to modulate inhibitory synapse

development at the molecular level, remain unclear.

Here, we determined the crystal structure of a minimal com-

plex of NL2 and MDGA1 (NL2 EHD/MDGA1 Ig1-3) and investi-

gated the interactions between NLs and MDGAs. Our data

from the comprehensive analysis suggest that MDGA1 employs

a specific mechanism to suppress NL2-mediated inhibitory syn-

apse organization by disrupting trans-synaptic NL2-Nrx adhe-

sion but may not suppress NL1-mediated excitatory synapse

organization.

RESULTS

Overall Structure of the Human NL2/MDGA1 Complex
To investigate the molecular mechanism underlying the interac-

tion between NL2 and MDGA1, we determined the crystal struc-

ture at 3.1 Å resolution of an extracellular domain complex of

human NL2 (EHD, esterase homology domain) and the human

MDGA1 Ig1-3, shown to be the minimal NL2-binding domain

(Lee et al., 2013) (Figure 1A). We initially crystallized a complex

of wild-type (WT) NL2 with MDGA1 Ig1-3 but did not obtain a dif-

fractive crystal. Because mass spectroscopy analysis identified

Asn98 as a major N-glycosylated residue in NL2 (Figure S1B), it

was mutated to Gln (N98Q) to prevent NL2 N-glycosylation. This

resulted in the successful crystallization of the NL2/MDGA1 Ig1-

3 complex and determination of its structure (Figure 1). Although

N98Q was a critical interface for the crystal packing of NL2/

MDGA1 Ig1-3 complex, it was not involved in the interaction be-

tween NL2 and MDGA1 (Figure S1C). NL2 and MDGA1 Ig1-3

formed a heterodimeric complex with 1:1 stoichiometry in

an asymmetric unit (Figure S1A). Of the three Ig domains of

MDGA1 having L-shaped configuration, the Ig2 domain primarily

mediates interactions with NL2 (Figure S1A). Because NLs

are constitutively present as dimers (Poulopoulos et al., 2012),
Figure 1. Crystal Structure of Heterotetrameric NL2/MDGA1 Ig1-3 Com
(A) Schematic showing the domain structures of the MDGA, neuroligin family (N

fibronectin type III repeat; M, single meprin/A5 protein/receptor protein tyrosin

extracellular domain; ss, alternative splicing site; N, N-terminal; C, C-terminal.

(B) Overview of the heterotetrameric NL2/MDGA1 Ig1-3 complex. The Ig1, Ig2, and

respectively. The A, B, and C patches of the interacting regions are indicated b

crystallographic symmetric operation. Asterisks (NL2*/MDGA-Ig1*, Ig2*, and Ig3

boring asymmetric unit.

(C) Close-up view of the A, B, and C binding patches. The residues involved i

electrostatic interactions are indicated by dashed red lines. The connectivity of

140�145) is indicated by the dashed black lines.

(D) Key amino acid residues of the A, B, and C patches involved in complex form

(E) Electrostatic potential of MDGA1 Ig1-3 and NL2, as calculated by the Poisson

and surface representations, with color maps reflecting electrostatic properties (

highlighted by a dashed black circle.
we examined the multimeric status of the NL2/MDGA1 Ig1-3

complex used for crystallization by performing size-exclusion

chromatography. The results showed that this complex had a

molecular weight of �220 kDa (Figure S1D), indicating that the

NL2/MDGA1 Ig1-3 complex formed a tightly associated hetero-

tetramer with 2:2 stoichiometry in solution. Thus, we imposed C2

crystallographic symmetric operation to generate the biological

assembly of NL2/MDGA1 Ig1-3 complex (heterotetramer with

2:2 stoichiometry) (Figure 1B; Figure S1C). This heterotetrameric

NL2/MDGA1 Ig1-3 complex enabled the identification of addi-

tional interactions between MDGA1 Ig1 and the symmetric

mate of NL2 (indicated as NL2*) (Figure 1B). Hereinafter, an

asterisk will denote domains or residues in the symmetric mate

of the NL2/MDGA1 Ig1-3 complex.

Binding Interfaces in the NL2/MDGA1 Complex
The binding interfaces between NL2 and MDGA1 Ig1-3 could be

divided into three distinct regions, termed A, B, and C patches

(Figures 1B–1D; Figure S2). A patch’s interactions, with a buried

surface area of 754 Å2, are mainly mediated by long-range elec-

trostatic charge interactions between the MDGA1 Ig1 domain

and NL2* (Figures 1C, top, 1D, and 1E). Residues R105, Y107,

K109, S121, and R123 on the bE–bF of the MDGA1 Ig1 domain

form ionic or hydrogen bonds with residues H278*, E281*,

D362*, and E372* on the NL2* loop connecting a8 and b10 and

the loop flanking a12 of NL2* (Figures 1C, top, and 1D). The

MDGA1 Ig2 domain and NL2 contribute to the B and C patch in-

teractions, with a total buried surface area of 1,151 Å2. In the B

patch, bB, bD, and bE of the MDGA1 Ig2 domain surround

a14–a15 of NL2 through electrostatic and hydrophobic interac-

tions (Figures 1C, middle, and 1D). Multiple electrostatic interac-

tions and hydrogen bonds are mediated by residues R156,

D185, Y187, and K200 of the MDGA1 Ig2 domain and S404,

D407, S411, N412, D415, K424, and R428 of NL2, surrounding

the hydrophobic interactions between residues F154 on bB

and V198 on bE of the MDGA1 Ig2 domain and NL2 residue

F408. Intriguingly, L190 and Y191 on the loop connecting bD

and bE of the MDGA1 Ig2 domain are located at the cleft of the

NL2 dimeric interface and hydrophobically interact with W438

on a15 of NL2 and L604* on a21 of NL2* (Figures 1C, middle,

and 1D). In the C patch, F147 and Y148 on the loop between

bA and bB of MDGA1 Ig2 bind to the hydrophobic pocket of

NL2, composed of residues A113, P115, I117, M118, P344,
plex
L1 and NL2), and neurexin-1b (Nrx1b). Abbreviations: Ig, Ig-like domain; Fn,

e phosphatase mu (MAM) domain; EHD, esterase homology domain; ECD,

Ig3 domains inMDGA1 Ig1-3 and NL2 are colored red, yellow, blue, and cyan,

y dashed circles. The NL2/MDGA1 Ig1-3 dimer complex is generated by C2

*) denote the symmetric mate of the NL2/MDGA1 Ig1-3 complex in the neigh-

n the interactions are displayed as sticks and labeled. Hydrogen bonds and

the disordered flexible loop between bA and bB in MDGA1 Ig2 (amino acids

ation.

-Boltzmann equation in PyMOL. The structures are shown as open-book views

blue, positively charged; red, negatively charged). The interacting patches are
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and Y347 (Figures 1C, bottom, and 1D). These hydrophobic in-

teractions are stabilized by neighboring hydrogen bonds and

electrostatic interactions between residues N146, Q149, and

E150 on the MDGA1 Ig2 domain and residues Q343, R346,

and N416 on NL2.

Critical MDGA1 Residues Involved in NL2 Binding and
NL2-Mediated Synaptogenic Activity
Based on the structural information of the heterotetrameric NL2/

MDGA1 Ig1-3 complex, we designed a series of NL2 and

MDGA1 Ig1-3 mutants that we predicted would not interact

(Figure 2A). To identify the significance of each interaction patch

in MDGA1 Ig1-3, we introduced specific point mutations in hem-

agglutinin (HA)-tagged pDisplay expression vectors encoding

MDGA1 Ig1-3 (pDis-HA-MDGA1 Ig1-3-PDGFR TM). MDGA1

R105D and R123D mutants were designed to disrupt charge in-

teractions in the A patch; F154A, Y187A, and K200E mutants to

disrupt hydrophobic and ionic interactions in the B patch; and

F147A and Y148A mutants to disrupt hydrophobic interactions

in the C patch (Figure 2A). We then performed cell adhesion as-

says, where one group of L cells co-expressing EGFP and WT

NL2 was mixed with a second group co-expressing DsRed

and each MDGA1 Ig1-3 mutant (Figures 2B, left, and 2C). We

found that all MDGA1 Ig1-3 mutants were defective in NL2 bind-

ing, suggesting that these highly conserved residues in the A, B,

and C patches of MDGA1 are required for stable NL2/MDGA1

interactions (Figure S2). We also examined the interactions

between NL2 mutants and WT MDGA1 in similar cell adhesion

assays (Figure 2A). We found that the binding of these NL2

mutants to MDGA1 was significantly reduced, although the

extent of reduction differed slightly among them (Figures 2B,

right, and 2C).

Although these cell adhesion assays showed the significance

of the three interacting interfaces on NL2 and MDGA1, these in-

teractions were in a trans-configuration. Because MDGA1 and

NL2 were previously proposed to interact in a cis manner on

dendrite surfaces (Lee et al., 2013; Pettem et al., 2013), we

also analyzed their cis-interactions by monitoring Nrx1b binding

to the surfaces of HEK293T cells co-expressing EGFP-fusedWT

NL2 and HA-tagged WT or mutant MDGA1. We confirmed that
Figure 2. Residues Critical for MDGA1 Binding to NL2 and Inhibition o

(A) Open-book view showing the interacting interfaces of the NL2/MDGA1 Ig1-3

Figure 1E. The amino acid residues mutated for functional analyses are labeled an

the table.

(B and C) Representative images (B) and summary bar graphs (C) for cell adhes

EGFP and NL2 wild-type (WT) were mixed with L cells expressing DsRed alone

pressing EGFP and WT NL2 were mixed with L cells co-expressing DsRed and

MDGA1 Ig1-3 were mixed with L cells co-expressing EGFP and NL2 mutants. S

(D and E) Representative image (D) and summary bar graphs (E) for binding assay

co-expressing NL2-EGFP and hemagglutinin (HA)-tagged MDGA1 full variants (W

latter monitored by Cy5 fluorescence signaling. NL2-EGFP and HA-tagged MDG

(green) and HA (purple). Nrx1b-Fc binding was quantified as the ratio of Cy5-lab

(F and G) Representative images (F) and summary bar graphs (G) for heterologous

HA-tagged MDGA1 variants (WT and mutants) were co-cultured with hippocamp

the negative control. After 24 hr, co-cultured cells were immunostained with a

synapse-formation assays were quantified as the ratio of synapsin to EGFP fluo

In (E) and (G), the dashed line, corresponding to the control value, was set as base

at least three independent experiments.

All data are shown as mean ± SEM, and statistical significance was assessed by
MDGA1 variants (WT and mutants) were highly expressed on

cell surfaces with proper folding and were co-localized with

WT NL2 on the membranes of these transfected HEK293T cells

(Figure 2D; Figure S1E). Cy5-labeled Nrx1b-Fc was unable to

bind NL2-EGFP on the surfaces of cells also expressing WT

HA-MDGA1, possibly due to the already stable association be-

tween NL2-EGFP and WT HA-MDGA1 (Figures 2D and 2E; Fig-

ure S1F). In contrast, Cy5-labeled Nrx1b-Fc interacted strongly

with NL2-EGFP on the surfaces of cells expressing NL2-EGFP

with or without the indicated HA-MDGA1 mutants (Figures 2D

and 2E). Therefore, the cis-interaction of NL2 with MDGA1 may

be mediated via all binding interfaces, which inhibits Nrx1b

binding to NL2.

Next, we investigated whether MDGA1 mutants defective in

NL2 binding are also defective in negatively regulating NL2-

induced synaptogenic activity in heterologous synapse-formation

assays. We found that all examined MDGA1 mutants defective in

NL2 binding were unable to inhibit NL2-mediated synaptogenic

activity (Figures 2F and 2G). Taken together, these findings indi-

cate that the conserved residues in the A, B, and C patches of

MDGA1 are crucial for NL2 binding and the negative regulation

of NL2-mediated synaptogenic activity.

Comparison of the Binding Interfaces of NL2/MDGA1
and NL1/Nrx1b Complexes
Superposition of human NL2 in the NL2/MDGA1 Ig1-3 complex

with mouse apo-NL2 (PDB: 3BL8) (Koehnke et al., 2008) resulted

in root-mean-square deviation (RMSD) of 0.87 Å over 521 Ca

atoms, indicating that the structures of human and mouse NL2

are well conserved and that there was no substantial change in

NL2 backbone structure upon binding to MDGA1 (Figure S3A).

Although the splice site A (ssA) in theNL2/MDGA1 Ig1-3 complex

was disordered, the ssA structure in the NL1/Nrx1b complex

(PDB: 3VKF) (Tanaka et al., 2012) suggested that the NL2 ssA

positioned opposite the NL2/MDGA1 interface did not directly

affect MDGA1 binding (Figure 3A, right; Figure S3B).

We next compared the structures and binding interfaces of the

NL2/MDGA1 Ig1-3 and NL1/Nrx1b (PDB: 3VKF) complexes to

examine how MDGA1 modulates the interaction of NL2 with

Nrx1b. Although both MDGA1 and Nrx1b bound to NLs with a
f NL2-Mediated Synaptogenic Activity

complex. The orientations of NL2 and MDGA1 Ig1-3 are identical to those in

d shown in blue; the mutated residues in the A, B, and C patches are shown in

ion assays. (B) Top: L cells expressing EGFP alone (Control) or co-expressing

(control) or DsRed and Nrx1b or WT MDGA1 Ig1-3. Bottom left: L cells co-ex-

MDGA1 Ig1-3 mutants. Bottom right: L cells co-expressing DsRed and WT

cale bar for all images, 100 mm.

s of Cy5-labeled Nrx1b-Fc onto the surfaces of HEK293T cells. HEK293T cells

T and mutants) were incubated with Cy5-labeled Nrx1b-Fc, with binding of the

A1-variants were analyzed by immunostaining with antibodies against EGFP

eled Nrx1b-Fc to EGFP fluorescence signals. Scale bar for all images, 10 mm.

synapse-formation assays. HEK293T cells co-transfected with NL2-EGFP and

al cultured neurons. HEK293T cells transfected with EGFP alone (Control) were

ntibodies against synapsin (red), EGFP (green), and HA (blue). Heterologous

rescence signals. Scale bar for all images, 10 mm.

line. In (C), (E), and (G), error bars represent the SEM from 12–22 cells in each of

the non-parametric Kruskal-Wallis test (***p < 0.001).
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2:2 symmetrical arrangement, each MDGA1 Ig1-2 domain

spanned an NL2 dimer, resulting in a larger interaction interface

(�2,000 Å2 for the A, B, and C patches) than that of the NL1/

Nrx1b complex (585 Å2) (Figure 3A). Interestingly, the NL2 region

binding to MDGA1 Ig1 largely overlapped with that binding to

Nrx1b. In contrast to the NL1/Nrx1b complex, however, the

NL2/MDGA1 Ig1 complex did not require Ca2+.

Competition betweenMDGA1andNrx1b for NL2Binding
in the Presence of Ca2+

Because MDGA1 Ig1 and Nrx1b bind to the same region of

NL2, we investigated whether MDGA1 competes with Nrx1b

for NL2 binding. The NL2/MDGA1 Ig1-3 complex and Nrx1b

were mixed at a molar ratio of 1:1 or 1:5 in the presence of

2 mM CaCl2 or 10 mM EDTA and analyzed by size-exclusion

chromatography. Although the gel-filtration profiles of NL2/

MDGA1 Ig1-3 complex (�220 kDa) and NL2/Nrx1b complex

(�200 kDa) are indistinguishable due to limited resolution,

SDS-PAGE analysis of each eluted fraction showed that the

NL2/MDGA1 Ig1-3 complex remains intact in the presence of

EDTA, whereas the amount of Nrx1b bound to NL2 in the pres-

ence of Ca2+ is slightly increased at a 5-fold molar excess of

Nrx1b (Figure 3B, blue box). Therefore, Nrx1b can compete

with MDGA1 for NL2 binding, and Ca2+ may be required for

this competition. We next incubated the NL2/Nrx1b complex

with MDGA1 Ig1-3. We found that EDTA induced complete

dissociation of Nrx1b from NL2 and that MDGA1 bound to

NL2 (Figure 3C, right). Interestingly, when MDGA1 was incu-

bated with the NL2/Nrx1b complex at a 1:1 molar ratio in the

presence of Ca2+, most of Nrx1b was displaced by MDGA1,

yielding stable NL2/MDGA1 Ig1-3 complex (Figure 3C, left).

When 5-fold molar excess of MDGA1 was mixed with the

NL2/Nrx1b complex, the NL2/Nrx1b complex was completely

converted to the NL2/MDGA1 Ig1-3 complex (Figure 3C, mid-

dle). These results suggest that MDGA1 and Nrx1b compete

for NL2 binding, although MDGA1 binding is favored, probably

due to its wider interface for NL2 binding.

Binding Kinetics of MDGA1 and Nrx1b with NLs
The binding affinities of MDGA1 and Nrx1b with NL2 were

directly compared in the presence of Ca2+ by biolayer light inter-

ferometry. The pertinent experiments showed that, relative to

MDGA1, Nrx1b had slower on-rates and faster off-rates to

NL2. Accordingly, the binding affinity of Nrx1b to NL2 (KD1 =

122 nM, KD2 = 5.8 mM) was much lower than that of MDGA1 to

NL2 (KD1 = 0.4 nM, KD2 = 11 nM) (Figure 4A, top; Table S2), a

finding consistent with our competitive binding analysis (Figures

3B and 3C). These results suggest that if similar concentrations

of MDGA1 andNrx1b are present at synaptic clefts, MDGA1may
green, respectively (top right, PDB: 3VKF). The surface representations are open

NL1/ Nrx1b complexes (bottom).

(B and C) Size-exclusion chromatography analysis of the competition of MDGA1

weremixed at molar ratios of 1:1 (red peak) and 1:5 (green peak) in the presence of

followed by size-exclusion chromatography (B). The NL2/Nrx1b complexwasmix

presence of 2 mM CaCl2 or at a 1:1 molar ratio in the presence of 10 mM EDTA (

were analyzed by SDS-PAGE and Coomassie blue staining (right). The retention v

bound to NL2 are indicated by the orange and blue boxes, respectively.
dominantly capture NL2 and suppress NL2-mediated synapto-

genic activity by blocking the access of NL2 to Nrx1b.

Previous studies have shown that both MDGA1 and MDGA2

bind to NL2 and that MDGA2 binds to both NL1 and NL2 (Connor

et al., 2016; Lee et al., 2013; Pettem et al., 2013). Therefore, we

next analyzed the binding affinities of MDGA1 and MDGA2 to

NL1 andNL2 to assess the binding specificity of each pair. These

analyses revealed that MDGA1 and MDGA2 robustly bound to

NL1 and NL2 with similar binding affinities in vitro, although

MDGA1 had a slightly higher binding affinity than MDGA2 to

NLs (Figure 4A; Table S2). In addition, size-exclusion chroma-

tography consistently showed that both MDGAs can form stable

complexes with both NLs (Figure S3C). Furthermore, the

sequence alignment of MDGAs demonstrated that the key resi-

dues of MDGA1 for NL2 binding are highly conserved in MDGA2

(Figure S2). These indicate that MDGA1 and MDGA2 can non-

discriminately interact with NL1 and NL2, at least in vitro.

Although both NLs contain a common splice site at position A

(ssA), NL1 can have an additional one at position B (ssB) (Chih

et al., 2006). Nrx1b can bind to NL1 regardless of the presence

of ssB, but this splice site lowers the Nrx1b-binding affinity �2-

fold, probably due to its proximity to the Nrx1b-binding surface

(Comoletti et al., 2006; Koehnke et al., 2010). Intriguingly, the

MDGA1-binding site is also located close to the ssB of NL1 (Fig-

ure S3B). We, therefore, analyzed the effects of ssB on the inter-

action of MDGAs with NL1 by comparing the binding kinetics of

MDGAs to two NL1 splice variants, NL1AB (presence of ssB)

and NL1A (lack of ssB). Interestingly, we observed no significant

differences in the KD, kon, and kdis of MDGAs to NL1AB and

NL1A (Figure 4A, middle and bottom; Table S2), suggesting

that the splice insert ssB of NL1 does not influence the interac-

tion between MDGAs and NL1.

Because our results differed from those of previous studies on

the interactions between MDGAs and NLs (Lee et al., 2013; Pet-

tem et al., 2013; Connor et al., 2016), we performed pull-down

assays by incubating Fc-fusion proteins of rat NLs (rNL1-Fc

and rNL2-Fc) and Fc (negative control) with cell lysates of

HEK293T cells expressing HA-tagged MDGA expression vec-

tors (HA-MDGA1 and HA-MDGA2) and a FLAG-tagged Nrx1b

construct (positive control). Both rNL1-Fc and rNL2-Fc captured

bothMDGAs (Figure 4B; Figure S4C), consistent with our binding

affinity results (Figure 4A; Table S2). However, pull-down assays

using detergent-solubilized mouse brain membrane fractions

showed enrichment of MDGA1 by NL2, but not NL1 (Figure 4C;

see Figure S4 for our in-house MDGA1 antibody characteriza-

tion). Moreover, parallel pull-down assays showed selective

enrichment of NL2, but not NL1, PSD-95, or TrkC, in MDGA1-

bound fractions (Figure 4D). These experiments unequivocally

demonstrate that, although the mechanisms by which MDGAs
-book views showing the interacting interfaces of the NL2/MDGA1 Ig1-3 and

Ig1-3 with Nrx1b for NL2 binding. The NL2/MDGA1 Ig1-3 complex and Nrx1b

2mMCaCl2 or at a 1:1molar ratio in the presence of 10mMEDTA (black peak),

edwithMDGA1 Ig1-3 at molar ratios of 1:1 (red peak) and 1:5 (green peak) in the

black peak), followed by size-exclusion chromatography (C). Effluent fractions

olumes are indicated above the SDS-PAGE images. MDGA1 Ig1-3 and Nrx1b

Neuron 94, 1121–1131, June 21, 2017 1127



A

E

Full-ecto MDGA1 Full-ecto MDGA2 Nrx1β

0.5
0.4
0.3
0.2
0.1

0
200 400 600

0.6

62.5 nM
125 nM

250 nM

500 nM
0.25

0.2

0.15

0.1

0.05

0
200 400 600

250 nM

1000 nM
2000 nM

0.5

0.4

0.3

0.2

0.1

0
200 400 600

62.5 nM

125 nM
250 nM

500 nM

)s(emiT)s(emiT)s(emiT

CB

N
L2

Im
m

ob
ili

ze
d 

Li
ga

nd
 o

n 
S

tre
pt

av
in

 B
io

se
ns

or
Analyte

D

In
pu

t

rN
L1

-F
c

rN
L2

-F
c

Fc
 a

lo
ne

HA-MDGA1

HA-MDGA2

Nrx1β-FLAG

150
kDa

150
100

100

75

50

Pull-down

*

*
*

*

In
pu

t

rN
L2

-F
c

Fc
 a

lo
ne

kDa

In
pu

t

rN
L1

-F
c

Fc
 a

lo
ne

Ponceau S
stained 
membrane

MDGA1
150

100
150

100

Pull-down Pull-down
In

pu
t

M
DG

A1
-F

c

Fc
 a

lon
e

NL1

NL2

PSD-95

TrkC

100

100

100

150

kDa

Pull-down

nm nm nm

Presynaptic Membrane

Postsynaptic Membrane

20
nm

2+Ca

Nrx1β

FnFn

Inhibitory Synapse

Inhibitory Synapse 

Ig4 Ig5

Ig6

NL2 dimer

Ig4IggIIgIgIgIIIggIggggggggggg

FFFFFFFFFFFnnnnnnn

I 4Ig444IIgIgIgIIgIIIIgIgggIIgggggggggggggggggIg4Ig444Ig44g4Ig44IggIg4IIg4gggggIg4IIIIIIIgIgIIgIgggIIgIgIggIgggggggggg

M

Ig2
Ig1

Ig3
Ig4Ig5

Ig6

MDGA1

90°

M

KD1 = 0.4 nM , KD2 = 11 nM KD1 = 2 nM , KD2 = 12 nM KD1 = 122 nM , KD2 = 5.8 μM

0.5
0.4
0.3
0.2
0.1

0
200 400 600

0.6

62.5 nM

125 nM

250 nM

500 nM
0.5

0.4

0.3

0.2

0.1

0
200 400 600

62.5 nM
125 nM
250 nM

500 nM

600

0.25

0.2

0.15

0.1

0.05

0
200 400

500 nM
1000 nM

2000 nM

N
L1

A
B

)s(emiT)s(emiT)s(emiT

nm nm nm

KD1 = 0.6 nM , KD2 = 6 nM KD1 = 1.2 nM , KD2 = 15 nM KD1 = 136 nM , KD2 = 14.5 μM

0.5
0.4
0.3
0.2
0.1

0
200 400 600

0.6

62.5 nM
125 nM

250 nM

500 nM 0.5
0.4
0.3
0.2
0.1

0
200 400 600

0.6
0.7

62.5 nM

125 nM
250 nM

500 nM

0.25

0.2

0.15

0.1

0.05

0
200 400 600

250 nM

500 nM

2000 nM

N
L1

A

)s(emiT)s(emiT)s(emiT

nm nm nm

KD1 = 0.6 nM , KD2 = 17 nM KD1 = 2.7 nM , KD2 = 6.5 nM KD1 = 68 nM , KD2 = 264 nM

?

(legend on next page)

1128 Neuron 94, 1121–1131, June 21, 2017



bind to NLs are overall identical, unidentified processes may

dictate the selective association of MDGA1 with NL2, but not

NL1, in vivo.

DISCUSSION

The trans-synaptic complex formation of Nrx andNLs is a central

event in the specification and maturation, but not the initial for-

mation, of both excitatory and inhibitory synapses (S€udhof,

2008). MDGAs, which inhibit the formation of NLs-Nrx1b com-

plexes by cis-interactions with NLs, have been found to be

important regulators of synaptic adhesion pathways at both

excitatory and inhibitory synapses (Connor et al., 2016; Lee

et al., 2013; Loh et al., 2016; Pettem et al., 2013).

In this study, we determined the crystal structure of the NL2/

MDGA1 complex (heterotetramer with 2:2 stoichiometry) (Fig-

ure 1). We found that, of the first three Ig-domains of MDGA1,

only Ig1 and Ig2 are involved in interactions between MDGA1

and NL2 via three distinctive interaction patches, which are

equally crucial for their interactions (Figure 2). Notably, we

observed that MDGA1 and NL2 form an intercellular adhesion

complex, probably induced by trans-configuration-mediated in-

teractions. Because axons have been reported to contain a sub-

set of MDGA1 recombinant proteins (Pettem et al., 2013), NL2

likely binds to MDGA1 in both cis- and trans-configurations in

a context-dependent manner associated with the presence of

MDGA1 proteins at either presynaptic or postsynaptic mem-

branes. However, it was difficult to determine whether these pro-

tein interactions are cis- or trans-cellular. To address this possi-

bility, the ultrastructural localization of MDGAs at synapses and

the structures of the complete ecto-domains of MDGAs should

be determined.

Our structural comparisons and comprehensive biochemical

analysis indicate that MDGA1 and Nrxs may compete in binding

to NL2 at the inhibitory synaptic sites (Figure 3). The Ig1 domain

of MDGA1 (A patch) binds the Nrx1b-binding interface of NL2,

but MDGA1 binding to NL2 is also mediated by additional inter-

action interface in the Ig2 domain of MDGA1 (B and C patches).

These larger interaction interfaces of the MDGA1/NL2 complex

are in agreement with the 30- to �60-fold higher binding affinity

of MDGA1 than Nrx1b toward NLs. In addition, we found that

MDGA1 binding to NL2 is independent of Ca2+, an ion required

for the binding of NL2 to Nrx1b. Therefore, NL-mediated synapse
Figure 4. Binding Kinetics of MDGAs with NLs
(A) Binding curves of MDGA1,MDGA2, and Nrx1b toward dimeric NL2, NL1AB, an

500 nM for MDGAs and 2 mM for Nrx1b. Sensorgrams were obtained from anOcte

are shown in red (NL2), blue (NL1AB), and green (NL1A). KD values were calcula

(B) Pull-down assays in HEK293T cells expressing HA-MDGA1, HA-MDGA2, and

total). The numbers on the left indicate molecular mass markers (kDa). Equivalen

(C and D) Pull-down assays in solubilized P14 mouse brain synaptosomes usin

amounts of bound protein were analyzed using the antibodies against the protein

rNL1-Fc and rNL2-Fc fusion proteins used for the pull-down assays, as revealed

(C, bottom).

(E) Model of MDGA1 action on NL2-mediated inhibitory synapse organization. N

forms a constitutive dimer (cyan), trans-synaptically interacts with presynaptic neu

MDGA1 protein controls the state of NL2 in a manner that blocks physical access

neurexins to specify inhibitory synapse development in a Ca2+-dependent mann

trans-synaptic adhesion interactions with postsynaptic NL2, although the physio
development is likely to be finely modulated by the concentra-

tions of local MDGA proteins and Ca2+. The levels of MDGA pro-

teins may be regulated by specific patterns of synaptic activity,

which are causally linked to activity-dependent synapse refine-

ment and elimination involving NLs/Nrxs trans-synaptic adhe-

sion complexes.

MDGA1 and MDGA2 were shown to interact with NL2, but not

NL1 or NL3, although one study reported that MDGA2 binds to

both NLs (Connor et al., 2016; Lee et al., 2013; Pettem et al.,

2013). Thus, it was necessary to examine whether the binding

specificities ofMDGAsandNLs are determinedby specificmech-

anisms. The biochemical analysis in the current study clearly

demonstrated that both NLs bind with comparative affinity to

MDGA1 and MDGA2, although MDGA1 has slightly higher bind-

ing affinities to NLs than MDGA2 (Figure 4). This is consistent

with the structural and sequence conservation of key residues

involved in their binding interface with NL1 and NL2. Intriguingly,

pull-down assays showed that MDGA1 selectively forms

complexes with NL2, but not with NL1, suggesting the existence

of a specific mechanism to inhibit the formation of MDGA1/

NL1 complexes. Although the precise location of endogenous

MDGA proteins has not yet been determined due to a lack of

sufficiently suitable antibodies for immunohistochemistry, exper-

iments in cultured hippocampal neurons have shown that recom-

binant MDGA1 proteins localize to both excitatory and inhibitory

synaptic sites, whereas recombinant MDGA2 proteins localize

mainly to inhibitory synapse (Loh et al., 2016; Pettem et al.,

2013). In contrast, Mdga2-KO mice showed increased surface

AMPA receptor-mediated excitatory synaptic transmission and

long-term synaptic plasticity (Connor et al., 2016). Moreover,

overexpression of MDGA1was found to specifically reduce inhib-

itory, but not excitatory, synaptic transmission in cultured cortical

neurons (Lee et al., 2013). Thus, these data cannot be incorpo-

rated into a single unifiedmodel. Although a possibility that a sub-

set ofMDGA1 proteinsmay interact with NL1 at excitatory synap-

ses cannot be excluded, unidentified processes may be also

involved in the selective association of MDGA1 with only NL2.

Further in-depth study, including functional analyses of Mdga1-

KO mice and determination of the specific localization of endog-

enous MDGAs, is required to resolve these issues.

Similar to NLs and Nrxs, MDGAs have been implicated in

autism spectrum disorders (ASDs) and other neurodevelop-

mental disorders. Intronic single nucleotide polymorphisms
dNL1A at the indicated concentrations, starting at maximum concentrations of

t RED96 instrument. Data points are shown in black, and the corresponding fits

ted from 2:1 global fitting.

Nrx1b�FLAG (positive control) using Fc, rNL1-Fc, and rNL2-Fc (input = 5% of

t amounts of bound proteins were analyzed with the indicated antibodies.

g rNLs-Fc (C) and MDGA1-Fc (D), with Fc as the negative control. Equivalent

s indicated on the right (input = 5% of total). Asterisks denote the positions of

by direct comparison of the bands in parallel Ponceau S-stained membranes

euroligin-2 (NL2), an inhibitory synapse-specific postsynaptic organizer that

rexins (orange) in a Ca2+ (green)-dependent manner. The local concentration of

to presynaptic neurexins (left). When the MDGA1 level is lowered, NL2 binds to

er (right). A subset of MDGA1 localized in presynaptic neurons may mediate

logical significance of presynaptic MDGA1 remains unclear.
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(SNPs) of MDGA1 have been linked to schizophrenia and bipolar

disorder (K€ahler et al., 2008; Li et al., 2011). Four types of exonic

deletions of the MDGA2 gene have been also found in patients

with ASD (Bucan et al., 2009). These mutations may interfere

with MDGA2 protein expression or truncate the MAM domain,

resulting in the absence of the GPI anchor site and preventing

MDGA2 from interacting with NL2 at the postsynaptic mem-

brane. Thus, suppression of NL2/Nrxs synaptic adhesion path-

ways by MDGA1 (and MDGA2) may not always be detrimental

to normal synapse development. Rather, fine-tuning of these

critical synapse components can collectively contribute to a bal-

ance in excitation-to-inhibition ratio at various synapses and

associated neural circuits.

In conclusion, our integrative investigations of MDGAs/NLs

complexes provide a framework showing that MDGA1 functions

as a negative regulator of inhibitory synapse development by

directly inhibiting the binding of NL2 to Nrx1b (Figure 4E). These

findings strengthen our current understanding of NL-Nrx syn-

aptic adhesion pathways.
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KEY RESOURCES TABLE
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Synapsin (rabbit polyclonal) Han et al., 2016 JK014; RRID: AB_2651124

EGFP (goat polyclonal) Rockland antibody & assays Cat# 600-101-215; RRID: AB_218182

HA (mouse monoclonal) Covance Research Products Cat# MMS-101P; RRID: AB_2314672

Cy3 affiniPure Donkey Anti-Mouse IgG (H+L) Jackson ImmunoResearch Laboratories Cat# 715-165-150; RRID: AB_2340813

Alexa 647 AffiniPure Goat Anti-Rabbit IgG Jackson ImmunoResearch Laboratories Cat# 111-605-006; RRID: AB_2338073

Fluorescein (FITC) AffiniPure Donkey Anti-Guinea Pig

IgG (H+L)

Jackson ImmunoResearch Laboratories Cat# 706-095-148; RRID: AB_2340453

MDGA1 (rabbit polyclonal) This study JK030 (Abfrontier, AR15-PA0001);

RRID: AB_2651125

Neuroligin-1 (mouse monoclonal) UC Davis/NIH NeuroMab Facility Cat# 73-160; RRID: AB_10671307

Neuroligin-2 (rabbit polyclonal) Synaptic Systems Cat# 129 202; RRID: AB_993011

PSD-95 (mouse monoclonal) UC Davis/NIH NeuroMab Facility Cat# 75-028; RRID: AB_2307331

TrkC (rabbit polyclonal) Cell Signaling Technology Cat# 3376S; RRID: AB_2155283

Chemicals, Peptides, and Recombinant Proteins

Lipofectamin 2000 Invitrogen Cat# 11668-019

Cy5 Maleimide Mono-Reactive Dye Pack GE Healthcare Life Sciences Cat# PA25031

Sulfo-NHS-LC-Biotin Thermo Fisher Scientific Cat# 21335

NL2 (42P–610N, N98Q) This study N/A

NL2 (15Q–610N) This study N/A

NL1 AB(46Q–634N) This study N/A

NL1 A (46Q–634N, -ssB: 295G–303K) This study N/A

MDGA1 Ig1-3 (19Q–330K) This study N/A

MDGA1 Ig1-6 (19Q–632A) This study N/A

Full-ecto MDGA1 (19Q–919K) This study N/A

MDGA2 Ig1-3 (20Q–332K) This study N/A

Full-ecto MDGA2 (20Q–914K) This study N/A

Nrx1b (51A–269S, -SS4) This study N/A

rNL1-Fc Lee et al., 2013 N/A

rNL2-Fc Lee et al., 2013 N/A

MDGA1 (Ig1-6)-Fc This study N/A

Critical Commercial Assays

Superdex 200, 10/300 GL GE Healthcare Life Sciences Cat# 17517501

HiLoad 16/600 Superdex 200 pg GE Healthcare Life Sciences Cat# 28989335

Protein A Sepharose resin GE Healthcare Life Sciences Cat# 17-1279-01

IgG Sepharose resin GE Healthcare Life Sciences Cat# 17-0969-02

Bio-Gel P-6DG Gel Bio-Rad Cat# 1500738

Deposited Data

Coordinate of NL2/MDGA1 Ig1-3 complex This study PDB: 5XEQ

Coordinate of NL1/Nrx1b complex Araç et al., 2007 PDB: 3BIW

Coordinate of NL1/Nrx1b complex Tanaka et al., 2012 PDB: 3VKF

Coordinate of mouse apo-NL2 Koehnke et al., 2008 PDB: 3BL8

human BTLA-HVEM complex Compaan et al., 2005 PDB: 2AW2
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Experimental Models: Cell Lines

High Five cells Invitrogen Cat# B85502

L cells ATCC Cat# CRL-2648

COS-7 cells ATCC Cat# CRL-1651

HEK293T cells ATCC Cat# CRL-3216

Recombinant DNA

pDis-NL2-PDGFR TM WT (15Q–610N) This study N/A

pDis-NL2-PDGFR TM A patch mutant (15Q–610N),

D362K, E372K

This study N/A

pDis-NL2-PDGFR TM B patch mutant (15Q–610N),

F408R, D415R

This study N/A

pDis-NL2-PDGFR TM C patch mutant (15Q–610N),

A113R, I117F

This study N/A

pDis-NL2-PDGFR TM BC patch mutant (15Q–610N),

F408R, D415R, A113R, I117F

This study N/A

pDis-NL2-PDGFR TM ABC patch mutant (15Q–610N),

F408R, D415R, A113R, I117F, D362K, D372K

This study N/A

pDis-HA-MDGA1 Ig1-3-PDGFR TM WT (19Q–330K) This study N/A

pDis-HA-MDGA1 Ig1-3-PDGFR TM A patch mutant

(19Q–330K), R123D, R105D

This study N/A

pDis-HA-MDGA1 Ig1-3-PDGFR TM B patch mutant

(19Q–330K), K200E, F154A, Y187A

This study N/A

pDis-HA-MDGA1 Ig1-3-PDGFR TM C patch mutant

(19Q–330K), F147A, Y148A

This study N/A

pDis-HA-MDGA1 Ig1-3-PDGFR TM BC patch mutant

(19Q–330K), K200E, F154A, Y187A, F147A, Y148A

This study N/A

pDis-HA-MDGA1 Ig1-3-PDGFR TMABC patch mutant

(19Q–330K), R123D, R105D, K200E, F154A, Y187A,

F147A, Y148A

This study N/A

pDis-HA-MDGA1 full WT (19Q–919K) This study N/A

pDis-HA-MDGA1 full A patch mutant (19Q–919K)

R123D, R105D

This study N/A

pDis-HA-MDGA1 full B patch mutant (19Q–919K)

K200E, F154A, Y187A

This study N/A

pDis-HA-MDGA1 full C patch mutant (19Q–919K)

F147A, Y148A

This study N/A

pDis-HA-MDGA1 full BC patch mutant (19Q–919K)

K200E, F154A, Y187A, F147A, Y148A

This study N/A

pDis-HA-MDGA1 full ABC patch mutant (19Q–919K)

R123D, R105D, K200E, F154A, Y187A, F147A, Y148A

This study N/A

pEGFP-NL2-PDGFR TM (1M–610N) This study N/A

pEGFP This study N/A

pDsRed This study N/A

pcDNA3.1-NL2 (15Q–610N)-thrombin-Fc This study N/A

pcDNA3.1-NL1AB (46Q–634N)-thrombin-Fc This study N/A

pcDNA3.1-NL1A (46Q–634N, -ssB: 295G–303K)-

thrombin-Fc

This study N/A

pcDNA3.1-MDGA1 Ig1-3 (19Q�330K)-thrombin-Fc This study N/A

pcDNA3.1-full-ecto MDGA1 (19Q�919K)-thrombin-Fc This study N/A

pcDNA3.1-MDGA2 Ig1-3 (20Q�332K)-thrombin-Fc This study N/A

pcDNA3.1-full-ecto MDGA2 (20Q�914K)-thrombin-Fc This study N/A

(Continued on next page)
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pcDNA3.1-Nrx1b (51A–269S, -SS4)-thrombin-Fc This study N/A

pcDNA3.1-Nrx1b (51A�269S, -SS4)-Fc(S396C in Fc

domain)

This study N/A

pAcGP67A-NL2 (42P–610N, N98Q)-thrombin-Fc This study N/A

pAcGP67A-NL2 (15Q–610N)-thrombin-Fc This study N/A

pAcGP67A-NL2 (15Q–610N) This study N/A

pAcGP67A-MDGA1 Ig1-3 (19Q�330K)-thrombin-Fc This study N/A

pAcGP67A-MDGA1 Ig1-6 (19Q�632A)-thrombin-Fc This study N/A

pAcGP67A-Nrx1b (51A–269S, -SS4)-thrombin-Fc This study N/A

pCMV5-rNL1-Fc (rat 1–636) Lee et al., 2013 N/A

pCMV5-rNL2-Fc (rat 1–612) Lee et al., 2013 N/A

pCMV5-Fc Lee et al., 2013 N/A

pGW1-HA-MDGA1 Lee et al., 2013 N/A

pGW1-HA-MDGA2 Lee et al., 2013 N/A

pCAG-FLAG-Nrx1b (-SS4) Michisuke Yuzaki (Keio University) N/A

Software and Algorithms

PyMOL Molecular Graphics System https://www.pymol.org/

COOT Emsley and Cowtan, 2004 http://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

HKL2000 Otwinowski and Minor, 1997 http://www.hkl-xray.com/

PHENIX Adams et al., 2002 https://www.phenix-online.org/

XDS Kabsch, 2010 http://xds.mpimf-heidelberg.mpg.de/

BLEND Foadi et al., 2013 N/A

MetaMorph Molecular Devices N/A

ImageJ NIH https://imagej.nih.gov/ij/

Prism5 GraphPad http://www.graphpad.com

ESPript Robert and Gouet, 2014 http://espript.ibcp.fr/ESPript/ESPript/

PHASER McCoy et al., 2005 http://www.phaser.cimr.cam.ac.uk/

index.php/Phaser_Crystallographic_

Software

Other

Streptavidin (SA) Biosensors Forte Bio 18-5021
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to the Lead Contact Ho Min Kim (hm_kim@kaist.ac.kr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
High Five cells were cultured at 28�C in Sf-900 II SFM medium (GIBCO) supplemented with 1% Antibiotic-Antimycotic (GIBCO).

COS-7, HEK293T and L cells were cultured at 37�C in Dulbecco’s Modified Eagle’s Medium (DMEM, Welgene) supplemented

with 10% fetal bovine serum (FBS, Tissue Culture Biologicals) and 1% Antibiotic-Antimycotic (GIBCO) in a 5% CO2 humidified

atmosphere.

Rat Hippocampal Neuron Culture
Cultured primary hippocampal neurons were prepared from the brains of embryonic day 18 (E18) Sprague-Dawley rats (Koateck), as

previously described (Um et al., 2014). Neurons were seeded onto 25-mm poly-L-lysine (1 mg/ml) coated coverslips and cultured in

neurobasal media (GIBCO) supplemented with 2% B-27 (GIBCO), 0.5% FBS (Hyclone), penicillin-streptomycin and 0.5 mM Gluta-

Max (GIBCO). All procedures were performed according to the guidelines and protocols for rodent experimentation provided by the

Institutional Animal Care and Use Committee (IACUC) of KAIST and DGIST.
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METHOD DETAILS

Proteins Expression and Purification
The extracellular domain of human NL2 (aa 42P–610N) was cloned into modified pAcGP67 vector (GE Healthcare Life Sciences)

containing the protein A gene derived from pEZZ18 (GE Healthcare life Sciences), whereas the extracellular domain of MDGA1

Ig1-3 (aa 19Q–330K) was cloned into modified pAcGP67 vector containing the Fc domain of human IgG. The N-glycosylation site

(N98) of NL2 was mutated to glutamine (N98Q) to facilitate crystallization. A thrombin cleavage sequence (LVPRGS) was introduced

between the target gene (NL2 or MDGA1 Ig1-3) and the genes encoding the affinity tag. High Five insect cells (Invitrogen) were in-

fected with P4 baculovirus containing these constructs and incubated at 28�C for 3 days. After pelleting the cells by centrifugation,

the supernatants containing secreted Protein A-fused NL2 were loaded onto IgG Sepharose resin (GE Healthcare Life Sciences),

whereas the supernatants containing secreted Fc-fused MDGA Ig1-3 were loaded onto Protein A Sepharose resin (GE Healthcare

Life Sciences). The protein-bound resins were washed with 10mM HEPES, pH 7.5, 150mM NaCl and incubated with thrombin

(1% (v/v) in 10mMHEPES, pH 7.5, 150mMNaCl, at 4�C overnight to remove the C-terminal Protein A and Fc tags. NL2 was dialyzed

against 20mM HEPES, pH 7.0, loaded onto a anion-exchange HiTrap Q column (GE Healthcare Life Sciences) and eluted with

a 0–1M NaCl gradient. MDGA Ig1-3 was dialyzed against 20mM MES, pH 6.5, loaded onto a cation-exchange HiTrap SP column

(GE Healthcare Life Sciences) and eluted with a 0–1M NaCl gradient. Fractions containing recombinant proteins were further

purified by gel-filtration chromatography on Superdex 200 columns (GE Healthcare Life Sciences) equilibrated with 10mM HEPES,

pH 7.5, 150mM NaCl. The NL2/MDGA1 Ig1-3 complex was produced by incubating purified NL2 (dimer) and MDGA1 at 1:2 stoichi-

ometry overnight at 4�C, followed by gel filtration chromatography on a Superdex 200 column (GE Healthcare Life Sciences) equil-

ibrated with 10mM HEPES, pH 7.5, 150mM NaCl to remove unbound MDGA1 Ig1-3. Fractions containing the NL2/MDGA1 Ig1-3

complex were concentrated to 10mg/ml for crystallization.

To obtain recombinant Nrx1b-Fc for cell surface binding assays (Figure 2D), the extracellular domain of human Nrx1b (51A–269S)

was cloned into amodified pcDNA3.1 vector containing the N-terminal signal sequence and the C-terminal Fc domain of human IgG.

To label Nrx1b-Fc with Cy5, S396 in the Fc domain was mutated to Cys by QuikChange site-directed mutagenesis (Stratagene).

Using polyethylenimine (PEI), this construct was transfected into HEK293F cells grown in suspension (Vink et al., 2014). The cells

were harvested after 3 days and pelleted by centrifugation, and the supernatants containing Nrx1b-Fc (S396C) were loaded onto Pro-

tein A Sepharose (GE Healthcare Life Sciences). Nrx1b-Fc (S396C) was eluted with 100 mM glycine, pH 3.5, and the solution was

immediately neutralized with 100 mM Tris-HCl (pH 8.0) and subjected to gel filtration chromatography on a Superdex 200 column

(GE Healthcare Life Sciences) in 10mM HEPES, pH 7.5, 150mM NaCl.

To obtain recombinant proteins for use in biolayer light interferometry (BLI) experiments (Figure 4A), human NL1AB (46Q-634N),

NL1A (46Q-634N, -ssB: 295G-303K), NL2 (15Q-610N), full-ecto MDGA1 (19Q-919K), MDGA1 Ig1-3 (19Q-330K), full-ecto MDGA2

(20Q-914K), and Nrx1b (51A–269S) were cloned into a modified pcDNA3.1 vector containing the N-terminal signal sequence and

the C-terminal Fc domain of human IgG. A thrombin cleavage sequence (LVPRGS) was introduced between the target gene and

the genes encoding the affinity tag (Fc domain). The constructs were transfected into HEK293F cells, which were cultured for

3 days, and pelleted by centrifugation. The culture supernatants were loaded onto Protein A Sepharose resin, and the C-terminal

Fc domain was removed by on-column thrombin digestion (1% (v/v) in 10mM HEPES, pH 7.5, 150mM NaCl) at 4�C overnight.

The eluted proteins were further purified by gel filtration chromatography on Superdex 200 columns in 10mM HEPES, pH 7.5,

150mM NaCl.

To obtain recombinant rNL1-Fc and rNL2-Fc proteins for use in pull-down analyses (Figures 4B and 4C), HEK293T cells grown to

80% confluence in 10-cm dishes were transfected using calcium phosphate with 20 mg of the rNL1-Fc and rNL2-Fc constructs (Lee

et al., 2013). Media were harvested 4 days later and cleared by centrifugation at 1,000 x g. The supernatants were dialyzed against

10 mM HEPES-NaOH, pH 7.4, 1 mM EDTA, and protease inhibitors (Roche Applied Science), and incubated overnight with protein

A-Sepharose to purify rNL1-Fc AND rNL2-Fc. The resin was washed to remove unbound proteins, and the bound proteins were

eluted with 0.1 M glycine, pH 3.5. The purified proteins were quantified by Coomassie-blue stained gel analyses using bovine serum

albumin as a standard.

Glycosylation Site Analysis
Peptides resulting from non-specific digestion were prepared as previously described (Hua et al., 2013). Briefly, 50 mg/mL neuroligin-2

was incubated with 50 mg/mL pronase E for 1 hr at 37�C. The digested peptides were enriched by graphitized carbon solid-phase

extraction (GC-SPE) and analyzed by nanoLC-Chip Q-TOFMS (Agilent Technologies). The LC-MS andMS/MS data were processed

and identified as previously described using MassHunter Qualitative Analysis software (version B.06.00, Agilent Technologies) and

GP Finder software (An et al., 2006).

Crystallization and Structural Determination
Crystals of NL2/MDGA1 Ig1-3 complex were grown for 1 week using the hanging-drop vapor-diffusion method, in which 1ml of pro-

tein complex (10mg/ml) was mixed with 2ml of crystallization buffer containing 300mM ammonium citrate tribasic, pH 7.0, 13%

1,3-butanediol and 18% PEG3350 (v/v). Crystals of the NL2/MDGA1 Ig1-3 complex belonged to space group C2 and had the

following unit cell constants: a = 154.88Å, b = 69.14Å, c = 108.84Å, a = 90.00�, b = 115.31� and g = 90.00�. For data collection at
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100K, the crystals were transferred to a cryoprotective solution containing 300mM ammonium citrate tribasic, pH 7.0, 13%1,3-

butanediol and 25% PEG3350 (v/v), and shock frozen in liquid nitrogen. After collecting diffraction data at beamline 5C (Pohang

Accelerator Laboratory), the data were reduced and integrated using XDS (Kabsch, 2010). Three collected datasets were merged

using Blend (Foadi et al., 2013) and the initial phases were calculated by the molecular replacement technique using PHASER

(McCoy et al., 2005). The structures of mouse neuroligin-2 (PDB: 3BL8) and the Ig-like domain of human BTLA-HVEM complex

(PDB: 2AW2) were used as search probes for structure determination. Iterative rounds of manual model building were performed

using Coot (Emsley and Cowtan, 2004), with refinement by PHENIX (Adams et al., 2002) (Table S1). A Ramachandran plot analysis

of the NL2/MDGA1 Ig1-3 complex structure that showed 95.0%, 4.7%, and 0.2% of residues were in favored, allowed, and outlier

regions, respectively. All structural figures were depicted using PyMOL (Molecular Graphics System).

Cell Adhesion Assays
Two groups of L cells (ATCC) in 6-well plates were transfected with 1-2 mg of the indicated expression vectors (Figure 2B). After 30 hr,

the cells were trypsinized and resuspended in DMEM, supplemented with 10% FBS and 1%penicillin/streptomycin. L cells express-

ing EGFP and WT or variant NL2 were mixed with L cells expressing DsRed and WT or variant MDGA1 Ig1-3. The cell suspensions

were rotated at room temperature for 1 hr to allow the cells to aggregate. The cells were subsequently spotted onto 8-well culture

slides (SPL), and the extent of cell aggregation was assessed with confocal microscopy (LSM510, Zeiss).

Cy5-Nrx1b-Fc Binding Assays on Cell Surfaces
HEK293T cells were seeded onto coverslips in 12-well plates and transfected with 0.5 mg of pEGFP-NL2-PDGFR TM, alone (control)

or together with 0.5 mg of an indicated pDis-HA-MDGA1 full variant. After 48 hr, the cells were fixed with 4% paraformaldehyde for

15 min at room temperature and incubated overnight at 4�Cwith mouse anti-HA antibody (Sigma Aldrich, 1:500) under non-permea-

bilized conditions, followed by incubation with Cy3-conjugated donkey anti-mouse IgG (H+L) (Jackson ImmunoResearch, 1:500) to

visualize surface HA-MDGA1 variants. To assess the effects of MDGA1 variants on NL2/Nrx-1b binding, cells expressing NL2 and

each HA-MDGA1 full variant were treated with 20 mg/ml Cy5-labeled Nrx1b-Fc in phosphate buffered saline (PBS) containing

2 mM CaCl2 for 3 hr at room temperature and washed three times with PBS containing 2 mM CaCl2. Nrx1b-Fc was labeled with

Cy5 maleimide mono-reactive dye (GE Healthcare) according to the manufacturer’s protocol and separated from any remaining

free dye by Bio-Gel p6 DG gel filtration chromatography (Bio-Rad). Images were acquired using a confocal microscope (LSM780,

Carl Zeiss) (Figure 2D).

Heterologous Synapse-Formation Assays
Heterologous synapse-formation assays using HEK293T cells (ATCC) were performed as previously described (Um et al., 2014). For

the experiments shown in Figure 2D, HEK293T cells were co-transfected with pEGFP-NL2-PDGFR TM (NL2-EGFP) and WT or

mutant pDis-HA-MDGA1 using Lipofectamine 2000 (Invitrogen). After 24 hr, the cells were trypsinized, seeded onto hippocampal

neuron cultures at DIV10 and co-cultured for an additional 24 hr. At DIV11, the cells were incubated with antibodies against EGFP

(Rockland; 1 mg/ml), Synapsin (JK014; 1:1000) (Han et al., 2016), and HA (Covance; 1 mg/ml), followed by incubation with Cy3-,

FITC-, and Cy5-conjugated secondary antibodies (Jackson ImmunoResearch). Images were acquired by confocal microscopy

(LSM700, Carl Zeiss) (Figure 2F).

Size Exclusion Chromatography
To analyze the competitive binding of MDGA1 and Nrx1b to NL2, the NL2/MDGA1 Ig1-3 complex was incubated with Nrx1b (Fig-

ure 3B), and the NL2/Nrx1b complex was incubated with MDGA1 Ig1-3 (Figure 3C) at molar ratios of 1:1 and 1:5 in the presence

of 2 mM CaCl2 at 4�C for 3 hr. These mixtures were applied to a Superdex 200 10/300 GL column (GE Healthcare Life Sciences)

in buffer containing 10 mM HEPES, pH 7.5, 150 mM NaCl, and 2 mM CaCl2. Gel filtration fractions were analyzed by SDS-PAGE

and visualized by Coomassie blue staining (Invitrogen). To access the Ca2+-dependence of the competitive binding of MDGA1

and Nrx1b to NL2, the NL2/MDGA1 Ig1-3 complex was incubated with Nrx1b, and the NL2/Nrx1b complex was incubated with

MDGA1 Ig1-3 at 1:1 molar ratios in the presence of 10 mM EDTA, followed by size exclusion chromatography in buffer containing

10 mM HEPES, pH 7.5, 150 mM NaCl, and 10 mM EDTA.

Determination of Binding Kinetics
The binding kinetics of MDGAs and Nrx1b to NLs were measured by biolayer light interferometry (BLI) on an Octet RED96 system

(ForteBio, Pall Life Sciences) (Figure 4A). The mixtures were agitated at 1,000 rpm in washing buffer (10 mM HEPES, pH 7.5,

150 mMNaCl, 2mMCaCl2). Assays were performed at 30�C in solid black 96-well plates (Geiger Bio-One), with each well containing

a final volume of 200 ml. Biotinylated NL1AB, NL1A, and NL2, at concentrations of 1 mg/ml, were loaded onto the surfaces of

streptavidin biosensors (ForteBio) for 1 min, followed by washing of the loaded biosensors for 2 min with washing buffer (10 mM

HEPES, pH 7.5, 150 mM NaCl, 2 mM CaCl2) to remove any unbound protein. The biosensor tips were immersed in wells containing

serial dilutions of MDGA1, MDGA2, or Nrx1b, starting at maximum concentrations of 500 nM for MDGAs and 2 mM for Nrx1b. NL-

MDGA associations (on rate, kon) were measured over a 5 min interval. The sensors were subsequently immersed in washing

buffer for 5 min to measure dissociation (off-rate, koff). KD, measured in nanomoles, was calculated as the ratio of off-rate to on-rate
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(koff/kon). As dimeric NL2 contains two binding sites for MDGA1, with the binding to MDGA1 at each site being independent and

having a different rate constant, the resulting data were analyzed by fitting to a 2:1 heterogeneous ligand model with the global fitting

function (grouped by color, Rmax). A similar method was used to measure binding affinity of Nrx1b to NL2. The sensograms were

corrected using the blank reference and fit with the ForteBio Data Analysis software 9.0.

Generation of Polyclonal Antibody to MDGA1
MDGA1 peptide (SRPRELGDRARLVSPLYC; constituting amino acids 802 - 818 of mouseMDGA1), was synthesized and conjugated

via its C-terminal cysteine residue to keyhole limpet hemocyanin. Rabbits were injected with the conjugated peptide to generate

MDGA1-specific polyclonal antibody (JK030, Abfrontier [Cat. No.: AR15-PA0001]; see Figures S4A and S4B for characterization

of this in-house produced MDGA1-specific antibody). The resulting antisera were affinity purified on SulfoLink columns (Pierce),

with the resulting antibodies used in immunoblotting experiments.

Pull-Down Assays
HEK293T cells were transfected with pGW1-HA-MDGA1, pGW1-HA-MDGA2, or pCAG-FLAG-Nrx1b, harvested 48 hr later and incu-

bated for 1 hr at 4�C in solubilization buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%

sodium dodecyl sulfate, 5 mM CaCl2, 5 mM MgCl2). The suspension was centrifuged at 20,000 x g to remove insoluble debris,

and each supernatant was mixed with 10 mg rNL1-Fc, rNL2-Fc, or Fc (control) supplemented with protein A-Sepharose beads

and incubated at 4�C for 2 hr with gentle agitation (Figure 4C). For in vivo pull-down assays, synaptosomal fractions prepared

from mouse brains (P14) were mixed with 10 mg MDGA1-Fc or Fc (control) and incubated at 4�C for 4 hr with gentle agitation (Fig-

ure 4D). Protein A beads were washed three times with solubilization buffer, solubilized in SDS sample buffer, and loaded onto 8%

SDS-polyacrylamide gels for immunoblot analyses. The antibodies used for immunoblotting were anti-HA, anti-FLAG, anti-NL1, anti-

NL2, anti-MDGA1, anti-TrkC, and anti-PSD-95, each at a concentration of 1 mg/ml.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell Adhesion Assay
Cell aggregates were defined as two or more cells, with at least one green (EGFP) and one red (DsRed) cell. The area of each aggre-

gate wasmeasured using theMetaMorph software (Molecular Devices) and reported as themean ± SEMof 12 - 15 fields from at least

three independent experiments, with statistical significance assessed with the non-parametric Kruskal-Wallis test. Areas smaller

than the average size of a single cell were excluded from analysis.

Nrx1b Binding Assays on Cell Surfaces
For quantification, the ImageJ (NIH) software was used. The intensity of the Cy5 signal of bound Nrx1b-Fc was normalized to

the fluorescence intensity of NL2-EGFP. Only cells co-expressing NL2-EGFP and the indicated MDGA variants were chosen for

quantification. Data are shown as the mean ± SEM of 15 HEK293T cells from at least three independent experiments, with statistical

significance assessed with the Kruskal-Wallis test.

Heterologous Synapse-Formation Assays
In quantifying the acquired images, the contours of the transfected HEK293T cells were defined as the region of interest. The fluo-

rescence intensity of the immunoreactive synapsin puncta were normalized relative to each HEK293T cell area, with the normalized

signal ratio quantified by the MetaMorph software (Molecular Devices). Data are presented as mean ± SEM of 15 - 22 HEK293T cells

per experimental condition, with statistical significance assessed with the Kruskal-Wallis test, followed by Dunn’s post hoc tests,

using cell numbers as the basis for ‘n’.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for the coordinate of human NL2/MDGA1 Ig1-3 complex reported in this paper is PDB: 5XEQ.
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